We follow the time evolution of a superfluid Fermi gas of resonantly interacting 6 Li atoms after a phase imprint. Via tomographic imaging, we observe the formation of a planar dark soliton, its subsequent snaking, and its decay into a vortex ring, which in turn breaks to finally leave behind a single solitonic vortex. In intermediate stages we find evidence for an exotic structure resembling the Φ-soliton, a combination of a vortex ring and a vortex line. Direct imaging of the nodal surface reveals its undulation dynamics and its decay via the puncture of the initial soliton plane. The observed evolution of the nodal surface represents dynamics beyond superfluid hydrodynamics, calling for a microscopic description of unitary fermionic superfluids out of equilibrium.
Solitonic excitations such as solitons, vortices and vortex rings are found in a large variety of nonlinear media, from classical fluids and plasmas to polyacetylene chains and superconductors. While ubiquitous, their intrinsic properties are tailored by the host medium. In superfluids, which are characterized by a complex order parameter with a well-defined phase and a non-viscous flow, such excitations correspond to phase defects and exhibit properties non-existent in their classical counterparts. There, a vortex is topologically protected owing to the quantized circulation of the velocity field, and a traveling soliton experiences superfluid back flow determined by the phase difference across it [1, 2] . The quantum statistics of the particles forming the superfluid is yet another ingredient which dramatically affects the properties of these defects. In Fermi superfluids, as opposed to the bosonic case, dark solitons and vortices are known to host in-gap fermionic excitations in their cores, from the Andreev bound states in the generic case [3, 4] , to the more exotic Majorana fermions in the presence of spin-orbit coupling [5, 6] .
Importantly, in a quantum fluid with short-ranged interactions, these phase defects are localized within the microscopic length scale of the system: the healing length ξ. The healing length sets the length scale above which the superfluid dynamics is well captured by the hydrodynamic formalism. At length scales on the order of ξ or smaller, a microscopic description is required, and this is where the dichotomy between Bose superfluids and Fermi superfluids becomes stringent. While weakly interacting Bose-Einstein condensates (BEC) are well understood in terms of the Gross-Pitaevskii (GP) theory, a complete microscopic wave equation for strongly-interacting Fermi superfluids remains to be established. At the meanfield level, a unified description can be formulated within the Bogoliubov-de Gennes (BdG) formalism, which connects to the GP equation in the limit of weakly interacting BECs, and contains the necessary fermionic degrees of freedom in the Bardeen-Cooper-Schrieffer limit (BCS) [1, 2, 4, 7] . However, while the BdG framework provides a good description of these two limiting cases, it is unclear whether it contains the right ingredients to quantitatively handle the behavior of solitonic excitations in the strongly correlated regime, where the dynamics near the core of these phase defects is highly nontrivial [8] . The unitary Fermi gas realized in ultracold atom experiments offers a unique opportunity to clarify this issue, as it resides at the point of the BEC-BCS crossover where beyond mean-field correlations are expected to be the strongest [9] . It is also the regime where the healing length ξ is the smallest -on the order of the inter-particle spacing -such that phase defects are as localized as possible in a quantum fluid.
A natural approach to experimentally reveal the core dynamics of such defects is to trigger their decay. Solitonic excitations indeed follow a well-defined hierarchy in terms of stability and energy cost in three dimensions, the planar soliton being the most energetic and unstable towards the formation of other solitary waves [10] [11] [12] [13] [14] [15] . In weakly interacting BECs, dark solitons have been observed to decay into vortex rings and vortices [16] [17] [18] as a consequence of the snake instability, the undulation of the soliton plane [10] . In the case of strongly interacting Fermi superfluids, similar scenarios have been predicted numerically within a mean-field approximation [19] [20] [21] , but an experimental support of such microscopic dynamics is still lacking.
In this Letter, we create a cascade of solitonic excitations in a unitary Fermi gas of 6 Li atoms. Starting from a planar dark soliton created via phase imprinting, we observe the formation of ring defects which eventually decay into a single solitonic vortex. By means of a tomographic imaging technique [22] , we are able to follow the surface dynamics of the soliton's nodal plane at the level of the interparticle spacing, as it snakes, breaks and converts into the topologically protected solitonic vortex. Our measurements allow for a quantitative analysis of the snaking dynamics of the initial dark soliton, awaiting comparison to time-dependent theories of strongly correlated fermions.
We create a strongly interacting fermionic superfluid using a balanced mixture of the two lowest hyperfine states of 6 Li (|1 and |2 ) at a Feshbach resonance [23] . Our atomic clouds contain ∼ 7×10 5 atoms per spin state confined in an elongated trap, combining a tight radial optical potential (in the x-y plane) and a shallower axial magnetic potential (along the z axis). The axial and radial trapping frequencies are ω z /2π = 10.87(1) Hz and ω ⊥ /2π = 69(6) Hz, respectively. The axial and radial Thomas-Fermi radii of the cloud are R z = 326(2) µm and R ⊥ = 54(2) µm, and correspond to a chemical potential at the center of the cloud of µ = h × 3.7(1) kHz = 54(4) ω ⊥ . The gas is thus deep in the three-dimensional regime. Gravity slightly weakens the trapping potential along the vertical y-direction (see [24] ). Phase imprinting is realized as in Refs. [22, [25] [26] [27] [28] , whereby one half of the superfluid is exposed to a blue-detuned laser beam for a time sufficient to advance the phase by approximately π. These experimental parameters are similar to those of previous works [22, 28] , where a single solitonic vortex was detected and observed to undergo a deterministic precessional motion for several seconds. Here, we study the evolution of the excitations at early times following the phase imprint. To probe such dynamics, we employ the detection scheme introduced in [22] , which combines the so-called rapid ramp technique and tomographic imaging [24] . The rapid ramp converts the spatial variations of the order parameter ∆(r) of the fermion pair superfluid into resolvable density variations of a Bose gas of molecules [28] [29] [30] . It is a powerful tool for the study of phase defects in atomic Fermi gases, as the presence of any phase singularity manifests itself as a strong density depletion. In our experimental sequence, the rapid ramp is performed at a variable wait time t following the imprint. We then slice a thin layer of the atomic cloud at a chosen y position, and destructively probe its density distribution via absorption imaging. Fig. 1a shows a time sequence of images recorded in the first 20 ms after the phase imprint, which correspond to the density distribution at the central slice (near y = 0) of the superfluid. At the location of the imprinted phase jump (z = 0), a slow and straight dark soliton emerges and subsequently undergoes a snaking motion, seeding the puncture of the nodal surface. The broken soliton evolves into a vortex ring structure, visible in the central slice as a pair of nodal points. Fig. 1b presents a zoomed-in view of the soliton's time evolution up to 100 ms after the imprint. Simultaneous with the soliton's core dynamics, two wavefronts quickly propagate to the edges of the cloud, which we identify as sound waves. The upper and lower sound wavefronts are found to propagate at speeds of 13.1(4) mm/s and 13.1(8) mm/s respectively, which coincide with the speed of sound of 12.9(1) mm/s estimated from the peak density using the relation c s = ξ B /3v F , where ξ B = 0.37 is the Bertsch parameter [31] and v F the Fermi velocity [32] . The apparent large amplitude of these sound waves is a consequence of the rapid-ramp [24] .
The dynamics is analyzed in detail in Fig. 2 , showing residuals of the central slice as a function of time, along the axial cut at x = 0 ( Fig. 2b ) and along its outer edge near x = R ⊥ (Fig. 2c) . The different characteristic speeds of the various waves generated after the phase imprint are apparent. One recognizes the two initially created sound waves following linear trajectories with opposite slopes, while the dark soliton remains near z = 0 with negligible velocity. A second set of shallower sound waves is emitted about ∼ 5 ms after the initial sound wavefronts, forming all together a pattern of hy- (Fig. 2c ) residuals, while the vortex ring structure is signaled by a localized point-like depletion visible exclusively in the outer residuals. Close to 100 ms after the imprint, a single solitonic vortex remains, precessing in the superfluid, with a period of ∼ 1.4 s along the z axis [22, 28] (see also [24] ), which is more than an order of magnitude longer than the duration of the cascade.
In order to obtain a complete picture of the dynamics, three-dimensional tomography of the superfluid is performed after the rapid ramp. Fig. 3 displays a set of representative tomographic images at various times, giving access to the local pair density after the ramp. From these images, we are able to reconstruct the structure of the defect engraved in the superfluid and follow its time evolution. The right panel of Fig. 3 shows the reconstructed depletion as would be seen from the long axis of the cloud. At early times, a surface of depletion cutting through the entire cloud's section is observed, the planar dark soliton. It subsequently tears in its upper half and then undergoes a cascade into structures with smaller and smaller nodal area. The hole appearing in the initial nodal surface is seen to continuously grow in size, leading to the formation of a transient asymmetric vortex ring, combining the bottom part of the initial soliton and a vortex line bent in a semicircle on the upper part. At this stage one might anticipate that the nodal area will naturally heal into a standard vortex ring, by shrinking into a single loop with a core of size ξ. However, the tomographic images obtained at later times suggest a more complicated scenario [24] , where a second puncture occurs in the lower nodal plane. This results in the formation of a horizontal line depletion which we interpret as a vortex line intersecting the vortex ring. This structure is seen in the tomographic images e.g. at t = 85 ms (see Fig. 3 ) and resembles the Φ-soliton recently proposed in Ref. [15] . At even later times, the ring part of this exotic defect progressively disintegrates (as seen at t = 95 ms and 400 ms in Fig. 3 ), leaving behind a single solitonic vortex (t = 1 s), which precesses in the superfluid. It is the precession of this remnant solitonic vortex which has been studied in [22, 28] .
Recently, several theoretical works have treated the evolution of fermionic superfluids following a phase imprint [19, 21, 33, 34] and the possible cascade scenarios following the decay of a planar dark soliton [20, 21, 35, 36] via various mean-field approaches. In some of these works, it has been found numerically that in a cylindrically symmetric potential with negligible dissipation, a planar soliton decays into a vortex ring, which then undergoes a long-lived oscillatory motion along the z axis [20, 35, 36] . By mimicking experimental imperfections, such as trap distortion due to gravity [19] , and imperfect phase imprinting [21, 34] [15, 37] .
At the origin of the cascade lies the snaking instability of the soliton. In order to quantify this undulation dynamics, we perform a Fourier analysis on the shape of the soliton z s (x) ≈ A 0 + Σ N n=1 A n cos 2πn
x 2R ⊥ + φ n in terms of the transverse modes of wavelengths λ n = 2R ⊥ /n, the integer n being the mode number, with Fourier amplitudes A n and phases φ n . Fig. 4a displays selected images of the snaking soliton, and Fig. 4b the corresponding nodal profiles z s (x) obtained from the density minima. For each of these curves, the result of the Fourier expansion up to the 5 th order (gold solid line) is superimposed, illustrating that the undulation observed here is well characterized in terms of transverse mode excitations. Fourier spectra of the soliton's undulation are obtained for 2 ms ≤ t ≤ 11 ms (see Fig. 4c ), and the evolution of the amplitudes A n is reported in Fig. 4d . We find that the fundamental mode λ 1 = 2R ⊥ largely dominates this dynamics, with a relative weight consistently higher than that of the harmonics and a significantly larger growth rateȦ 1 . The ratesȦ n decrease as the mode number n increases (see Fig. 4e ). The contribution of the modes n > 5 was found to be insignificant.
The trend of the growth ratesȦ n (Fig. 4d,e) is in strong contrast to what is expected for a uniform transverse confinement. In that case, a hydrodynamic argument [38] implies that the growth rate at long wavelength increases linearly with the transverse mode [39] , as confirmed, for small wavevectors, in BdG numerical simulations for crossover superfluids [40] . Physically, the predominance of the fundamental mode found here is not surprising given the transverse inhomogeneity of the trapped superfluid. Indeed, the phase difference ∆φ across the soliton is tied to its relative velocity v s /c, where c is the superfluid critical velocity, through a unique current-phase relation ∆φ = f (v s /c). While the functional form of f is still under debate for the unitary Fermi gas, it is expected to be monotonic, at least at small relative velocities [40, 41] . Therefore, for an inhomogeneous transverse confinement where c is highest at the center of the cloud (r = 0) and gradually decreases towards the edges (r → R ⊥ ), the phase jump ∆φ across a moving soliton can only be maintained if its velocity is locally adjusted such that v s (r)/c(r) is constant. The soliton thus develops a drum-like profile that continuously stretches along the propagation direction, which explains at least in part the growth of A 1 .
In conclusion, we have observed a cascade of solitonic excitations in a strongly-interacting Fermi superfluid, from an initial planar dark soliton towards a final, remnant solitonic vortex, through an intermediate ring structure resembling the recently predicted Φ-soliton [15] . At the origin of the cascade lies the snaking instability, which we characterized quantitatively by studying the evolution of transverse Fourier modes. The breaking dynamics of the unitary Fermi gas studied here occurs at the scale of the interparticle spacing, and provides a novel experimental input for microscopic theories of strongly interacting fermions. A natural extension of our work is to approach a regime where the snake instability is inhibited, e.g. via a strong confining potential in the radial direction. Future prospects are a measurement of the soliton's current-phase relation in the BEC-BCS crossover [40] , the detection and manipulation of Andreev bound states trapped inside the soliton [3, 4] , and the creation of soliton trains in the presence of spin imbalance, which would realize one limit of Fulde-FerrellLarkin-Ovchinnikov states [42] [43] [44] .
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SUPPLEMENTAL MATERIAL
Supplementary data. In Figs. 6, 7 and 8 we present supplementary data that could not be included in the main text. Fig. 6 shows the time evolution of the central slice density, after rapid ramp and time of flight, from t = 0 to t = 19.5 ms in time steps of 0.5 ms. In Fig. 7 , we show all the images used in the spectral analysis of the snake instability, along with their detected minima and Fourier reconstruction. In Fig. 8 we show the full tomography recorded at several instances of the dynamics from t = 3.5 ms to t = 1000 ms.
Φ-soliton or not? The tomographic images taken at the instants t ∼ 50 − 100 ms show both the presence of horizontal vortex lines and pairs of nodal points. Because of the destructive nature of our measurement, one could a priori attribute this observation to two distinct situations: (A) the imprinting leads to either a vortex ring or a vortex line with unknown probabilities; (B) the imprinting systematically leads to the formation of a Φ-soliton, i.e each shot produces a vortex ring and a vortex line. To lift this ambiguity, we establish, for each scenario, the constraints on the probabilities of (i) detecting no depletion (ii) detecting a horizontal vortex line (iii) detecting two nodal dots. Here, we focus on the four central slices near y = 0 (where horizontal vortex lines are observed). In the case of scenario (A): if p is the probability to find a vortex line in one of the four slices, then the probability of detecting no depletion at all should be ≥ 3p. Allowing for an inequality here accounts for the fact that one cannot exclude shots where the imprinting failed. This relation is true regardless of the probability of having a vortex ring. On the other hand, in the case of scenario (B): if we call p the probability of finding a vortex line in one of the four slices, then the probability of detecting two nodal points should be 3p. A statistical analysis over ∼ 90 slices recorded between t = 50 ms and t = 100 ms leads to the histogram shown in Fig. 5 . The probability of finding a line in one of the four central slices in this time interval is p = 27(4)% while the probabilities of detecting no depletion and a pair of nodal points are respectively p ∅ = 1(1)% and p VR = 72(4)%. This result excludes scenario (A) and strongly supports scenario (B): the systematic formation of a Φ-soliton via a double puncture of the soliton plane.
Generation of the histogram. The statistical sample consists of 22 slices at y = −39 µm, 30 slices at y = −13 µm, 24 slices at y = 13 µm and 13 slices at y = 39 µm. The probability is obtained from several runs of random sampling of the data. In a given run, we randomly pick quadruplets of four slices (one slice at each position) until a set of 13 quadruplets is formed (13 is the smallest number of repetitions recorded for a given slice position). Out of a given set we extract Histogram of events between t=50 ms and t=100 ms. The probability of detecting no distinctive feature at all is p ∅ =1(1)%, the probability of detecting a horizontal line is p = 27(4)% and the probability of detecting pairs of nodal points is pVR = 72(4)%. The shaded orange area is the interval consistent with 3p given the uncertainty on p.
the probabilities of the three events: 'no feature', 'vortex line' and 'pair of nodal points'. This procedure is repeated 6000 times, where each run provides a new set of 13 quadruplets and the corresponding probabilities p, p VR and p ∅ . From the 6000 runs, we obtain the standard deviation of each probability which provides their interval of confidence (error bars in Fig. 5 ).
Rapid-Ramp versus Time-of-Flight imaging.
The images obtained after the rapid ramp show strong modulations of the density distribution. Based on these images, one might conclude that the phase imprinting leads to an intense disturbance in the density accompanied by shock waves. However, this is not the case. In order to clarify this point, we show, in Fig. 9 , the time sequence of the dynamics following the imprint by probing the density distribution after a time of flight expansion of 4 ms, without any change of the scattering length. One observes only weak perturbations in the density profile. In particular, one can see two density wavefronts of small amplitude propagating in opposite direction towards the z = ±R z edges of the cloud, that are identified as the fast wavefronts seen in the rapid ramp images. For a more direct comparison, the figure also shows the same time sequence recorded after time of flight combined with the slicing phase, which obviously suffers from a lower signal to noise. This comparison provides evidence that the phase imprint performed in our experiment is indeed a gentle process, which predominantly affects the phase of the superfluid order parameter rather than the density. Without rapid ramp, the amplitude of the initial wave fronts is strongly reduced.
Imprinting laser power FIG. 10 . Integrated density after rapid ramp of a phase imprinted superfluid with increasing imprinting power. As the power is increased (images from left to right) we observe the gradual change from a shallow and strongly bent soliton to a straight dark soliton of high contrast to two solitons.
Velocity Control of the Soliton. By increasing the intensity of the imprinting laser we observe (see Fig. 10 ) the gradual change from creating fast shallow solitons to slow high contrast solitons and, at even higher power, the formation of multiple solitons. The fast solitons are associated to a strong bending due to the radial inhomogeneity (see the discussion on the dominant snaking mode in the main text). As the imprinting laser intensity directly controls the phase jump across the soliton, this observation constitutes a qualitative demonstration of the soliton's current-phase relation.
Trapping potential. The trapping potential has the following form
The first term is a saddle point potential from the magnetic field curvature. The second term describes the optical dipole trap (ODT), with a trap depth V 0 /h = 11(1) kHz and a gaussian waist W = 125(5) µm. The ODT counters the anti-confinement in the radial x and y directions due to the magnetic saddle potential. The effective confinement in the x and y directions, in the absence of gravity, can then be modeled as a harmonic potential with trapping frequency ω ⊥ = Expanding the potential for small distances from the origin, as in Ref. [19] , one obtains
with
4 ⊥ 3a δ are parameters quantifying the anharmonicity of the potential. C is to be compared to
2Ry , where R y = 61(9) µm is the Thomas-Fermi radius in the vertical direction. We note that the model of Ref. [19] does not include the correction to ω x and the Cx 2 y term. With the given definition for δ and C and our experimental parameters, one has δ = 0.019 (4) and C = 0.16(8) C 0 .
Dynamics during rapid ramp. The detection procedure requires a 9 ms interval between the time t of the dynamics that we want to observe and the time when the image is actually taken. During this phase, the cloud spends ∼ 2 ms in the strongly interacting At wait time t after the imprint, the field is ramped from 832G to 760G in 1 ms, and then ramped down to 576G over 1.5 ms. The field is held at that value for 4 ms, and then ramped back to 780G over 1 ms. The field is held at 780G for 1.5 ms before the spatially selective optical pumping light is applied and the cloud is imaged. The dashed line shows the corresponding a0/as, which is 0 at 832G, 4300 −1 at 760G, 225 −1 at 576G, and 6500 −1 at 780G. b) Extraction of the effective time delay after the rapid ramp, from the extrapolation of the sound waves trajectories. Solid black circles: upper and lower sound wave positions as function of time t. The linear fit (solid gray lines) yields an effective lag of ∆t ≈ 1.7 ms.
regime (k F a s ) −1 < ∼ 1 where the expansion is hydrodynamic. For the rest of the rapid ramp, the cloud is so weakly interacting that the expansion can be essentially considered ballistic. Therefore, we estimate that the 9 ms of the combined rapid ramp and expansion can be accounted for as an effective lag of ∼ 2 ms in the dynamics of the observed images. One can notice this lag in Fig. 11b , showing a zoom on the early stage of the sound trajectories. By extrapolating the sound trajectory, we find an effective lag of 1.7ms, consistent with our estimate.
Tracking the waves. In Fig. 12 , we show the displacement as a function of time for sound waves and defects, as extracted from the residuals in Fig. 4 of the main text (for t ≤ 100 ms), as well as from the residual of integrated images (for t ≥ 100 ms). This figure provides an overview of the superfluid dynamics following the phase imprint. The various trajectories plotted here show the initial sound propagation, the second set of sound waves, the slowly moving soliton, progressively decaying into a single solitonic vortex, which then precesses in the superfluid. The precession is seen in the right panel as an oscillation along the z-axis with a period of ∼ 1.4 s. 
